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Ahsfrad.  II) IIuiny c o n t r o l  dcsi~,lls III( (I 1~11
signal is split into parallel chamwl<  \I 111:11  aIL

tailorccl  to bc significant over clis[i[lc[ fl~xlm II.)
r a n g e s  and a~c then rccombincci.  ( )ltc II ti[ Lit .I

onc  cbanncl conlains nonlinear CICIIICIIIS ‘1 h.
mosl  coInnloII  example is a Pll} c(MIIIOIICI  Ii I\l I
all allli-windup  ]lonlincari[y  ill tlIc I-C} I; IIIIIL  I t’,
]norc  gcncrfil example usitl~, lliy,ll~l-(,1~1,  I

compensators is prcscntcd, which is a IIILI III II
conlrcrllcr  foI a  sj~acccraf[-lllotlll[u{l  {(II:w III).
AltboIIgI,b  tbc li]icar clcmcnls CaII bc dt.i{’11( (I
cfl-cclii’cly  using f r e q u e n c y  rcspollsc  III: III )[i .),
tllc clcsign of lhc nonlincat Clcll IcIIls i~ II,UIdL  ii
by slcp-rcspome sinlulalions  OI cij IcI illli III \
‘1’lIc Jo l t  of  llIC nonlincaritics  in (IIC  11.  IIiIll( I
chanllcl slructui-c  i s  furlbcl c~;ill!illc(l I  \
int  reducing tlIc  conccp(  of amplit IIdcll I K()(I[  II( \
}vindows. Acquisition and traclcill{: S,V.!CIIIS  aIL
consiclctccl  lvllicb  u s c  amp]ituclc  I; II I(I(IWIII, c)!
lhc ctror sig]lal
pcrfo]  mancc of
syslcII~s is thcI~
compalcd lC)
con(roilcrs.

IN TJ{OI)UC’J’ION

A  COllllllOll control Syslclll (Ic.if’h
IIlclhoclology  e n t a i l s  split(ing IIIC CIIL}I si;lrl~ I I
inio  palallcl channels with Iincat  u) II Ijh II\211 ion
s u c h  lbat t h e  channc]s a r c  si~,llifl~(tll[ ~ II( I
d i s t i n c t  frcquclicy mngcs. Ncmlil~cal  iiic~ iii (
incluclcd  in some channels, an(i at~ II ICII{ (1![1  II

of tbc Ilon-dynamic type. Usually 111( ( lIHIIII(l~
arc rccombinccl  lincady. Such al I aI lilll~’,(’111  II I

i
Mclnbcr’s  q’ccl~llical Slaff,  l’1’~<t,llici~l  (; II IiIj  I

Supcrvkor-,  Scmicw member AIA A.
C!opywritc  () 1996 by tbc An]eric.till lI~$!Il~Il  (II
Aeronaut ics  and Ast ronaut ic ,  III(. All I i:’l)f.
wscrvcd.

allows  tll[ (icsi{’lwt I(J lcstlict lIIG a c t i o n  o f  a
pal[iculat ll[li~lillcal ilj (o the. frequency range
l\llilll coIIcspo II[l< 10 tlIc cl ImIncl in w h i c h  it
a]lpcars.  ‘1 his fc,ltutc  i~ tllc}t]{:llt to bc a kcy to
tllc  ]mpultility  c)f l):]r;~l lcl-cl)allt)cl  co]npcnsa(ors,
si]m fol IIIC ]NIICI} ]itlca]  CHsc, tbc d e s i g n  o f
caw.  tclcd CO III PC II S; II IOII is equally simple. An
cxa IIIplc o f  this lyj~c or conlrollm  w h i c h  i s

lll,iqllitou~  ill ildusilj
]‘3 is a PID  contro l ler

v,i[ll all fillli-~filld(ll~ Iic)llli]lcaril)  i n  t h e  1-
(’llallllcl ‘) tlc ]Iotllitwaliiy pl Cvcllt s  tbc

u[ldr~iralllc CI\CI slm}li  IIy, tha[  r e s u l t s  f r o m
a((u:ilm s:ituta(iol~  (ILII II If: iaIg,c transients. ‘1’hc.
a])pll(ati(ltl  of a 1’11 ) (otl{r{~llcl lypical]y  r e s u l t s
III :1 IIwic  diayl;l]ll }! hic]l is sub-optimally
sll’ll lo\\ :11 closMl\’(’l “ 1 lowwcr, lbc parallcl-

Cl IHIIIICl  SIILII.  lLIri i< c:l<il~ [~utlctali~ccl to hi~,hcr-
tlt L](I sysl~ IIIS I!llicll  C(~II bc clcsignccl C1OSC  to the
Ol)[i]llu]n III IIIC foll(nlillp,  discussion) the three
j):jrallc]  LII;IIItlcl\  atc  tc(crlccl  t o  a s  loJJ-
fILqIIcnc\  ( 1  I “), ]Ilctilltlll-ftccllic]lcy  (Ml?), ancl
llij;li-frccl~lc]lr~ (1 11’). :111(1 Iltcy arc analogous 10
[IIL I-: IMIIIIICI, lIIC 1’-CIWIIIICI, :IIICI IhC D-cbanncl,
tcsp.ctiflly. dth~  I’ll)  cmlltollcr.

(’ON’I’R(}  II ,}R$ \Vl  I ’ l l  AN’1’J-WIND-UP
l)):\ ’lcFs

‘1 I)is it])cs[i~’,ili  iotl ~i;is I)roIIIplccl by a fcw
sl)JcI(lC d{’si~f,ll ]JltIblctIIi, aIId tbcir cliscussion
l)I,I~Idcs ait illlf[,d~l,llotl  l(ig, 1  s h o w s  a n

(l(clf ical ;III:ilol’,j  to  a  llIct illal conl  Iol systcm
lot ~1 s})a(L’c’]  ilf’[-]ll(lll[ll(d {c](’sc(lpc, “]’]lc heater is
w.cl 10 kcc’p Il)c lCIIIIIr Ial UIC of ibc primry ancl
III( sccot I(131j IIliiloti \\i(lli]l 1,6 K o f  e a c h
otl IcI. (All(.)tllct lImj I, ~i IIicll is not SIICNW,  drives
III( ]Ililtlal) IIlitiot  lIc+lrI which  mainta ins  the
ab~ollltc  l~II)~tIalIIt(  21 ?(,3-298  K). ‘1’bc beaters

aI( Imlsc-NMII  II KKIUI I(UI wi th  a  modulat ion
]WI iod ()( () s, aII(l it I m l s c - w i d t h  t i m i n g ,
]cmluliotl 0( 1?5 IIISCL “1’IIc  total heater power
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c a n n o t  e,scced 6 W. The freqrrcnc.y r{,s[}(}ll!.c,  tlJ
the pianl transfer function fron) [hc }!c:31<] 1(1 { llL
tcnlpcra(urc di(krential  i s  basicali~  :11:11 :/ I I I

Integrator; ho\+wer  t h e r e  a r c  also  [,i(ii,i~  \ L
10 SSCS, which are nonlinear.

Fig.  1: Thermal controller cieciric:]l ;III:Il[Ir\

T h e  conlpcllsator is  in~plenw[l[({  trl !1 ‘(
p a r a l l e l  c h a n n e l s .  T h e  con)pcrlsall{)[ :L)K .rl
hi@~-f[equency  (1 IF) channci  is a c :.Im II/t\. ; II:
pair:
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l’hc r[]cdiu[ll-flcqLlcncy  (MF)  and
Q J’) channels arc first-order:

. ,., ,



offer  tlIc  I.F  conlpcnsa(ion  rcsulls  ilI ii II .il  I .I[rI1

\\’ith a  }vindup  crlor (hat  i s  snmll  IJL1( 1:11:1,  . ,111

cxccssivc  amount  o f  time t o  dct ay, I II(IW.LI  I;II
controllers, \\hich often place tllc S:ItLIJ; II I~III 11111:
a f t e r  tllc  l-path, flCqUClltly USC ill[l.”j:lilllll .<:,,:{

features to ovcrcomc  this problcrll
‘1’hc po\YcI-on s(cp rcspollsc  fit !Il(

controller is shown in Fi~, 4. ‘1 h( IN t[t t l!;
s a t u r a t e d  m o s t  of the time, p~o\idill!’,  III II  I \
Ii]nc-clptimal  performance, anti tlw al c1 >:lc! )( i~,
insiglliflcant.
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1]11>  control lers  are  a lso  USC(I f(,I :] ~~ 0.
w}lcrc (hc plant is csscnlially a (ilt ,11
i]lteg[ator. (~’his iclcali7.atio[l is 11., LI II \

complic:itcd  by n o n l i n e a r  frictioil  aIKII(II  l);i:i
charac[cristics,  a n d  solnctimcs hi~:ll.ft r~l~u I(,

s t r u c t u r a l  rcsonancc modes. ) At flc~!w.li,  i{ .
~vhcre  t h e  l-cllalmcl i s  do~nirml~(, 01. 110,1

rcs~llsc has a steep slope of 3 ill{~~!:i[f)rs. Ill i
a[l an t i -windup device  i s  typicallj llcc~..,:ll ~.~
pro\ide an acceptable rcspc][ls~ to 1:,1!,
II ansicllts.

A related example arc thruster ~(,ll~r{~h l].
fot spawcraft attitude control. l’hc  ],j,]iI[ i: L ~s.
to a pure double integrator, altllou~,l~  tl~tl{ ]l!w
be flex ll~odcs al high frequencies. ‘i tic t],! ,t\:. J ,
arc arlangjed  so that they earl be. used I(} l)rL)\ d

a pOsltI1’C  or ncgatm’c torque about c, I(.]1 :li,i\,  1)11(
thcj arc n o t  throl(lccl  -  t h e  lor[lLIL I< I. Itl IL

posi t ive  or  ncg,ative  a fixed nulgni(u(i\,  ()( i 1 ~
(sinlilar  to a 3-position relay.) l’hesI: CI.llllllll  I

often  d o  n o t  i n c l u d e  a n  1-CII;IIIIILI (l I\\
fIcqucllcy ciisturbalices  a r c  almosl  i)ot,( \).iu 1),
but do usc saturation ill the P-cliatll,~i,  I+!II.I I.

t h e n  considcrcct  to  be  the  Ll;-C}ia{l(lL, 1 !Il
a v o i d s  w i n d u p  d u c  t o  t h e  extrclllc  ;I,III:  II:
nonlinearity and the “cx[ra” intcg]a(~]l,

WiLll clcscribing  function @F’) ;IIL(II(,(I . tlil
e.xplanatlo[l  for the \vincIup phcnoll]Lrmll  (~ ,{: ;].
follo\\s. A c t u a t o r  s a t u r a t i o n  rcduc~.s (1,(;  I,.,]

~,aill SO( II that  I}IC cI(Is~,ovcI  frequency is shifted
(in\\ II in(() tlic SICLq)  IU~,IOiI  which is domina[cd

b} the 1 F cl];i]lt]cl ‘i IIC phase lag here is
c:u~wivf  aIId II IL: rc. (llt  I S  a  sort  o f  p r o c e s s
IIlst:ibilio.  ‘1 lIC :lrl[l.\\l[ldll[J  cfc\ricc w o r k s  b y
t<dllcil]p, till ~,ii III of tl]c 1 F channel  a t  la rge
sig~~:ll let Ll~l ‘1’lils lil;~kcs  tllc flcquency response
II IOIC slI:Ilio\Y,  arid ttlil{ Ie.s(ores (he phase lead,
IIltclcstillk!l>, [ )t :ill;llj’SIS d o t s  IIOt SU~~CSt

all}lllill~  :ihul [tic II I: IC(IIICIII of the Ilonlincarity
tx f~l]c or a[tcl  II!C lillc:lr cotilpcnsa[ion, d e s p i t e
tl)c o]riolls dc\wlKicJK c {~f tllc observed transicnl
rcs]~~)nsc otl ttlis  ~iI(IICC  NIOI d o t s  I)F a n a l y s i s

c]lat)lc  t)il dc;i!l]cl t{) quarltify  t h e  t r a d e - o f f s
\ \  Iii.]]  rIIIrs:  II(’ Ili:f(i(  i n  [tic c h o i c e  o f  [he
s;~({lr,(tio[i  l(\cl  ~f~ rll(  r[{]oilcd p~-cviously, t h i s

}I:iIi  of tlw d~~i{’11  lb II\ually  car]iccf  o u t  u s i n g
si~lllllatiols  ()[ c\iwtirlkri t\. both of which can
bc c\!~c]l’)\(  aII(;  lllllc;.llls~rlllillg.

111 ~(:ll(rdl. [Ilc i n t r o d u c t i o n  o f
]l(lilllrlcali!i~\  yr<:l(l> L Kpa IIds the design space
fI(IIII  tl\c  purcl)  {III. ir caw,  \vhcIe t h e  B o d e
II II C} ’,Ial IIlni[;i[io[l<  l~)r( t. (I, Idc-offs  bc(wccn.  for
cx iIIIple, f;l’d rL’\~l(~ll~(’ 10 ]argc  e r r o r s  a n d
rlliniil]i7atlo)l  01 s l c I d > - s l a t e  Crrol.  I t  i s  not
()[lVI{IIIS,  11, II\ C\CI. \\iIIL1.  ]Ioll]incaritics might bc

[\(i\/tlllt{l~,{  i}[l<,  ;iri({ \\ {IL It i]! tl)C. c o n t r o l  5ySlCIll
:irf.liilcct(i  Jc IIIc) siIOLIl(i  bc j)lacccl,  I“he anti-

\\i[l(illp  dc\fltc~  arc pl;I.ccf  it) t h e  I, F’-chanrlcl,
S]ILCL  it i. LIIOI);  I [II II ‘}1~ mill bina(ion o f  t h i s

cll]tlncl’s frl:ciucll~\  IC>imII\c and the  ac tua tor
s:~lul ,Itio{l c,tt{sch (I)c u]~(icsi]ablc. ovcrshooiins,
h4:irI\ OIIII:t :l[[iiil}:,r!l:l)t~ C:ITI bc useful  f o r
llllp[t)\’irlj)  a S)S(CI1)’S  [Icrf(]r]narlcc  beyond  tha t
aclii~ \ablt.  t,\ iil!(.,lr (d[lli]cl]satiorl.  onc o f  t h e
11101(”  )lltlll{l\’L’1}’  2 j)}lC,lllll~~  1S ttlC aCC]UISltlO1l  d

tlacklnp,  alcl~i(i(i~ll~, }’ iIc Ic t{}c cont ro l  law  is
“s\\ fil(i)c(i’  a:; lIK (I I(JI s)[!IIal  Icvcl cha[]gcs.

A( Q[:ISI 1 10A ANI)  “1 I< LCKING  SYSTF.,MS

,kCCILll{l( t)rl  ari(i tr,ll:illg systems, iik.c those
N\Ld  III }I(rrli[l[;  rlilssll~~, a(c  dcsigtlcd  to cjpcratc
111 tl! [1 Illil(lt’S, “:ic(](llsl!ioll  ]]iodc”  W41CII t h e
crlol  IS 13::(  :Il]ci [r, ILk irlodc” WlICIi t h e  e r r o r
Is Slllail ,1110 (11.’1 C’Xall]plc  o f Ihc
:1[.~!ul\ltio[\  ‘tl<~(kill~’,  li~>. is a pointing coIltrol
S) ’S ICIII f(ll ;I st);Icc~  1,1((-rl](~lln(cd c a m e r a ,  i n
MI IICII a riijli(i  rrt Jryc[]i[!, ]ll:iilcu~’cr is followed
l)) a  S1OM  pIL’LI~; SLIIIIIIII/,  pattcril t o  forltl  a
I[lowi< ir[wrf,~ \\rti~ll IIlc c]tor signal is in the

a~qui\ltioll IL’y, ill Jc, (11(’ colltro[ler should



. . .

respotld  as rapidly as possible, i.e. (11(. ic~d  :]. i
band\vid(ll  should bc as wide as possible 11 ttl:
acquis i t ion  mode i t  i s  not  nwcswrl Ill, lt (11~.
feedback bc vc]y large, since (IIC (r t(~l is 1; i!.
]n the tracking regime, the fccdtmk b; III(iv IdIII
]Iccds 1 0  bc r e d u c e d  to rcducc  IIIL* c!Ic~ IL ,11

scnsot  nokc,  b u t  t h e  v a l u e  c)f [}IC \~~L\I  ,Ii 1.

s h o u l d  bc made rather large to ]]lililt!l~ /r II I,.

tlackilt~,  crlor. T h e  diflcring 10LJ}I fl ~ :!iI :1, ,

responses for the two  modes arc dcl)lc  t(tj III i I !
5,

dfl
l\

(racking /oop gain

Fig. 5: Acquisition / track loop fIc(~IIcIt(  ,,
responses

W h i l e  t h e  (Ictcrmination of t}lc Ly,[I  ~ ,l;,l
flcquel]cy rcsl)onscs  f o r  t h e  acqul<ili(lll  1 1 1 1  Ki

and for the tracking mode is sjI:l~)’,liif~lr\r,t[
guararltccing a smooth transitioti I);t)i  u, II 1 11. >
t w o  r e g i m e s  call  bc difllcult, lits~, a < I JICI IWI
m u s t  bc txtablishcd  for c}utrl:in[:  !IIL L [lliI 1 (f
]:~\~. lt 1s usually sU~lclcnt  tO a]tCl (h< L(lllll (’1

law based on the amplitude of [hc cri[,i  w~ I I, I

alone, although clearly o[hcr  infor]ll;lll[il]  I) II!, III
bc  factored in Second, it must  tx LICI, 11111 c1
whether this c}ia Iigc should  bc dollc  iit)i~lj,[l} t)

us ing  2 swi tch , o r  g r a d u a l l y  SO II I[. II(W, II
blcndirlg the separate rcponscs (ttlc  S; II II I, II, ~II

clcrncllt  in the. I,F path of the pal:ill(  l-, 1) iIIIIL  I

controllers discussc(i  above is to pIO\ Id{ [Ilt< :.. II
of blcl)ding,  )

At)t upt s~vitching f r o m  ac(~ui\ltlflll  i{l
ltackirlg m o d e  c a n  gcncratc  larp,c ll.i II. ICI II. II

the output and error signals, l’hc SIIIi; It IOII D,:II

lx so b a d  t h a t  t h e  t a r g e t  i s  dc-:l((!ui[<. i t’
conceptual solution is to slnooth  tll( ~Ir II  IL.lll.,ll

m that irllcrlnecllatc  frequency rcsp<lll\(.  (i Ir ,Ii:
the  trarlsition will look tikc the d(IIIc[i IIIIC I

[“i& 5. If t h e  flcqUc[lCy ~C5~Jo1KC$  (>f (II \ \{

LIIaIIIIClS  .IIU blc Ildcd \\ilti  the  r e l a t i v e  Yvcight
b~itl[: a fLlllL[i(lll  of ltl( ,rJol signal amplitude, a
sl~wth (r,~t(ilticl!l L,II1 b e  pt ovidcd.  1  Iowcvcr,
c;irc niu\l  t): t;,krll  Ii) cll\urc that all o f  t h e

IIItCI  ll}cdjatc co]ilt)iltc(i  flu(lucl)cy  r e s p o n s e s  o f
[tic pariillc]  c ‘Ia II IItl~ a t e  a c c e p t a b l e .  N o
Il)icil{lcd)iitt  Irsl)oII\c .IIou III bc  al]owcd  which

Ic\ul(s ill :111 ulls[:lt)l[  s~slcIIl,  o r  e v e n  i n  a
5VILIII \\lth SIIIJll  sl:lt~lllt) matgins,  siricc  i t  i s
kilo\\’11 11111  !;UCII  S)s(ulll(. h;i\’c poles Close toj(o-
,i\is ;jnd tllcrch~]c,  ll[(,(Iuuc cxccssivcly l a r g e

tt:lr]~icllt tcspoll<rs ‘ 1  liis is a ploblcm m o r e
Of:CII tttall o[ic [Iliptlt tllirlk,  As all c .sample ,  le t

‘/ bc tl]c }vciq,htcd sum oftill. t~l[ai I[mlt icspo JM ,
{Ill’ acqui’ltiorl  7; ! ail(i 1 lacliitig IL responses:
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MIJI,’1’1-WINDOW  CON’lRO1,I}:}<S

III a PII) c o n t r o l l e r  w i t h  all :I!,[lJII1  1~ :)

d e v i c e ,  the erlor signal is flltclccl  [rl[{) (illl( U~I
f[equcllc~  chan[lels, b u t  t h e  il~pu[ 1(, (o! :ILI l) II

of) [he IF channel is rcs(ric([d  t~ sIl;i/  I

a[llpliludes.  III the  acquisitio~l  illl(i  II ,IL ~

controllers, the error signal anlplil[l(ic  l\ IIW i :.)
clc(cr[[lil~c a w’cighted  sum of difl’crc]lt I’ILLI(I II .
rcspo[iscs.  A general view  k 10 i 011>  d :
n o n l i n e a r  c o m p e n s a t o r s  which  1):11 [lll(}ti [} c

cr]or signal i]lto  “ w i n d o w s . ”  TII(. \\LIII.lI\\
div ide  tllc frcquc[lcy’  S[)CC~rLIH)  (or, cqIII\iIlc  ‘I i,,

t i m e - r e s p o n s e  b e h a v i o r )  an(i ttlc aIIIIIIIIIIL I
range,  as depicted in F’i~. 7, This aILll IL L\ILII L II,

]cfcrrtxl  t o  as “I~ltll[i-\}’illdo\\’,”  ,!IIII I II L: I

number ofuscful  nonlinear COIIIICII  SC II CIIII.S  <,11

be cast in this form.

f r e q u e n c y  z

4 limo

l’ig.  7: ‘1’he  multi-}vindow  ( (IIi{:cj  Il

l’hc diaglal[i  in Fig,  7 is sonw,y}i  II

all~bip,uous  siILcc it ciocs not indicatr \\lI. III(

. ’

[’1!.

frcqucllcj  sclcclio[]  o r  tltc anlplilud<  sI. I,k I( ~ ,.
pclforlllcd filst, a[id the orclcr dots  II I;III. I ( III I

Fig.  6 :  Pa Iall(’1  (tiiir~l(l~ J.)111 ]l(il~[llitlijl~(l[ll I)IIAW sllifl

(a)

(b)

}’01 i Pll ) M IIh :itI:I-wIIIdup,  the besl  c h o i c e
dt~l.[ids  (III [Iic SOIL  (II (c][lllilancl the c o n t r o l l e r
II:U\I  rcs},olld [(I ailci :iiso 011 the nature of the
dlstilIball~c \$r:I{II (III  011)>’  co[lllnand  is a step,
I)ia( 111~ [III: S: Il\IIiIII(III  flls[ will p r e v e n t  t h e
atc~llllul;:!i(,ll  01 ili[L/’,l{itLd  ciror t h a t  c a u s e s
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w i n d u p .  HowcvcI,  if there is l:lr~:c-;irll~]ii[ll(l< WtIIL!I  n~;II:c IIIC II ILIl[I-I\III(iO\\ controller design
s h o r t  pulse+pc r a n d o m  n o i s e ,  ;i!d  [II{ i I\\ C:I$]LI th:lll  tl)Il\’{:llll(lll :11 fu//y-logic  S~Stt?IllS.
frcqucllcy Compollcnts o f  t h i s 11(11s(’ ill. ‘1’hc .OIICCI)I cI~ o lIIIC:Ir  conqxnsrrtor  d o e s
substantial, tile i n t e g r a l  tem lwc(+~  t\ I tl IIot Uswlly  ?\)) )(’:11 ,,.~)}i~i[{v  in fllzq-logic

e f f e c t i v e  t o  rcciuce the “hang-ofl” C:IO[ II) II( Con(lollcl!i. III [au:. ollc ofth: selling po in t s  o f
outpu(  -  but  i t  i s  not  i f  the  pca~.,\ .]T,c  I)( I~iI’ WICII ccmIIollc  Is I< [ha[ the IIscr supposedly does
clipped by inpu(  saturation in the :-(l~:ilili(l  II I [lot llccc:  10 kllov 311j[tllng  about  cont ro l

(2:1 [t])

Yig.9: P(lssil)lcl-\,3~l]  ill.l,lCIklCll  ti+llO[lSfOI afll.i-}!ll,(lllp

this  case  i t  w o u l d  b e  better to firsi  MI(II.11 I<

p u l s e s  by using a low-pass f i l ter,  aIICi LIII\  :t :

to ciip  thenl.

W h e n  theerlor  signal  canbcall,l!r:,t,  ‘~
t)es[pel  forllla[lcc  (irlanlirlirllax  sc[l.c~  11:,1 IL
pro\-idcct  by a c~,nlbination  of the t\v) sir., [:, .

i.e. the saturation link could bc SaJId  Jf, -r C! JLLI

bctwccn  two low-pass f i l ters.  llctc.  :\\tI tit!(i.
exis[:  ( a )  h a l f  c)f a n  integJatton c:]ll b~: ~)f ,L ,,
b e f o r e  tile satur<ltion,  aud  the]] :iII(IIIILI  !I II

af te rwards ;  o r  [b)  using t w o  f]rst-ol(.i(l  ; II . . .

one  be fore  thcrlo[~li]learity’  cutlirl~  otl !t~( l~I:Ii  I

f r e q u e n c i e s  u s i n g  a  singie  pole,  8111.1  rII.
a f t e r w a r d s  c u t t i n g  ofI Iow-frequc:lc  Its ii !i .;

zero  at [he salllc  f r e q u e n c y  a s  ~hc p(.)1. , II i I.
Jrs[ l i n k .  I’hese  itllplcrnentat]ons  31C III( o. t c

In Fig. 9 .  T h e  p o l e  /  zero  frc(luc~icj  ( II ~.
ad jus ted  as a sirlp,le “knob. ” But s[lIJ, I.111 III $’

t h e  s a t u r a t i o n  Icvel,  t w o  extra  kl~h. ~ .
requireci  con~paled  to the l inear }’1} I LIIIII ]1 :
( F o r  t h e  half-illtcgrator  vcrsio[l,  tt!< r. I I :

OIIe additional knob,)

(:oMPAR1soN .1,O li’t17,7}’.l  ()(,1[

(: C) NTNOI,  I,ERS

7’hc Ioulti-winclow architl  :[Ii  IL :.
particularly convenient for enhancill!l  :1 .I.1111  II
system  by using nonlinear ities.  1 he ~1.::ICII  11.111  :

is often nluch  bet[cr than what coold b{. IJI(::III  :i
fron)  a  l i n e a r  cc)ntroller,  ‘l’tic ad\  JIII:I{’.  ~~  II

I]onliocfir  c o n t r o l  a r e  a l s o  e x p l o i t e d  tl~l fIIJ
loy,ic co[ltroilcrs, w h i c h  a r e  Sinlilm  to i]Lt;l ~~
wrldo+v cont ro l lers  In that rlorlli[i~.:lrl[]~  :: I.
used to tailvr the con[rollcr 1<’!:! [, !:
chmac[cristics  for different signal IC,L::; i’llt  f:

a r c  several  iniporMnt  d i f f e r e n c e s l(l\\.  ; 1,

:1.)lltloilc[ “6 ,\l IILII u~;l  II[ifar  cc)mpcnsation  o f
[[1[. ,(rrol S:<ll;{l to :.~,.:Irr<I[C  three  p a r a l l e l
c:lfirlllcls, .iri[l  ttlcll H], illlcs fuzzy-logic  in t h e
I(lv-i rcclu:Ic!  ~l~:l]lr]:  :  which  bencfrts  m o s t
flo;i] [h: it)(rud~l~tl{)l] o f noniincarities.

(]bti].l{]si> ttlls s. )IL )]’ lp~]lcmch d o e s  r e q u i r e

,, krlotvledge, and also$(lllrt  ,:onlrol  c:l?lll(:~llili]

t  I }’1[) coll[rollers  w i t h  anti-t):yIJ), t o  re.c:[i L
v,l[l(ilrp  Cii)l[.:> [)1.1[ II t}. IICCII iIl  u.w in  iIlctustry
(i)i  [i311>’ yc Iri ..\ :1,11.1111(111  selli[l~, poijit of

fll/7~<,0~!:  L >r([rliit]: IS tlmt  t h e y  con  out-
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tr:iclc-ofls  Iclatcd to the feedback b iIIiI\\ I i[l

lin~ita(ion  by n o i s e  a n d  plant ltItLL.Il:tl’iti 1
a[ld t o  guaran(ec t h e  bc’sl ;l\’:lll;  !!)ll

pcrformancc,  i n  fuzzy  lcr~i( co]lll (Ill Is
these trade-offs are not trans~mr<.111  ,il}[l i].
difijcult tc) make.

2, For multi-window controllcl-s  Ilw ll~ll:li ~L ~ t~ ?.
w i n d o w s  ]equired is not lalf,c  F,’ s:, [ i II

t h e  desig,  n exarnplcs, 2 or 3 uIIMkI\,,.\  IL III

ill designs thal  appear 10 k CIOL.C II ~

o p t i m a l  I:or fuzzy control  lcls,  Ilw II II  IIIIH !

of windows required for goc)d pci 1 L)! 1 i I; ii I -:

c a n  bc lar~c.  I f  t h e r e  arc  sci.c  I:Il (~IIIH II.
(and their derivatives) ;I lid >,. \ 1.[.
ampli(udc  windows pcr  nM<u(cifl, JI, III.

nu[nber  o f  c o n t r o l  l a w s i, r (>~],,~ 11) ‘)
cmt]binaloria]  w a y .  T h i c  situ;l[loll  1< ( j< 1
\vorsc  fol M l  M C )  s y s t e m s .  silltt !~l] 1(L Ii -1
s}’s(cms i{ is all the more Criti( .11 It! II 111.  I
offs can bc n]acle  quickly alicl CI)”ILICIIIII

3. F’01 multi-window controllers, ],. la{ I\ i !) ILL i,

palamctcrs  need  to bc choscr[  t~} (i~ .I!,t l!,.
llonlincar  clcmcnls, I’his  is i]]l}~olbil)l  .,11 I.
tlIc choice of nonlinear palalll.~cls  )i (t It I.
a s i g n i f i c a n t  amcwnt  of  SIIili]l:ltl~,li I*I (1
cxpcrimcnt, a[ld gets  o u t  of 11.IINI  q~ll, I \ II
there arc nlorc  than a few of tllcll~

4. ln]plcmentalion  i n  hardwalc or wf(ii  i L :.
sinlpler w h e n  o n l y  a  fc\v s:Jl~{I;J!i{}It ,\ ,,(.
nonlineari[ics arc required

5. Multi  -\~inclow c o n t r o l l e r s  d(l lot JC ,111 1;
ally sort of fu~xy-set opclati(,l~< tL) ]1[1 ‘i IHII:

sIlmoth transitions, lll~t~,li I 1,,’.’
[Ionlincaritics a r c  c h o s e n  (Jik:  \ IL(IIII II II)
such that sharp discon~inui(i(\ :{FC :Ii( (J i
Minin]uln-ilhasc condttio]ls  C,II; l,: i~,ly
prcscr\wl since only arljacc]lt  Cll;i(il,:’$ II< d
to be colmidcrcd.  (At each si{[l:al 11.\l  I :~i)l)
tw’o chanmls arc significatll. ~ .0,1!,  11+1)  . ;il,.
okn nladc  t o  cicsign fu//j c~III(I.~11. IS

without paying, any attc]l(io[i  to tlli~ ‘.LII[.,
and  t h e  r e s u l t s  c a n  bc Lr.II~(II<IIIL : IId
disillusioning.
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